Background The pathogenesis of autoimmune hepatitis (AIH) is incompletely understood. Macrophage migration inhibitory factor (MIF) is an inflammatory cytokine implicated in the pathophysiology of multiple autoimmune diseases. We recently reported that MIF expression was increased in a US AIH cohort. MIF expression in nonWestern AIH patients is unknown. A MIF-173 GC single nucleotide polymorphism in the MIF promoter (rs755622) is clinically associated with steroid resistance in several inflammatory disorders but has not been evaluated in AIH. Aim To compare MIF polymorphisms and their relationship to clinical parameters in AIH patients from the USA and Japan.
Introduction
Autoimmune hepatitis (AIH) is a chronic, relapsing disease of hepatocellular injury resulting from loss of immune tolerance [1] . Disease manifestation likely requires a combination of genetic predisposition [2] and idiopathic environmental triggers [3] . The nature of, and the relationship between, key autoimmune inflammatory pathways in AIH are not fully understood. In order to advance the management of AIH, there is a need for immune-based biomarkers that can predict severity and disease progression.
Macrophage migration inhibitory factor (MIF) is a proinflammatory cytokine that critically modulates key innate and adaptive immune pathways [4] . Its unique properties, including T cell induction and counter-regulation of endogenous glucocorticoid activity [5] , have prompted investigations of its role in various inflammatory and autoimmune disorders [6] . MIF expression is associated with disease severity in several autoimmune diseases, including systemic lupus erythematosus [7] , rheumatoid arthritis [8] , systemic sclerosis [9] , and inflammatory bowel disease [10, 11] . Based on this, we hypothesized a role for MIF in autoimmune liver disease and recently reported the first study of MIF and its cellular receptor in patients with AIH and primary biliary cholangitis (PBC) [12] . We demonstrated elevated MIF expression in the serum and liver in patients with AIH, while significant differences in the serum level of a soluble form of MIF's receptor (CD74) were identified between AIH and PBC cohorts. Further, the genetic profile of functional polymorphisms in MIF distinguished subjects with AIH from those with PBC. These data suggested that MIF plays a specific and important role in the inflammatory cascade of AIH. However, the functional significance of MIF polymorphisms in AIH clinical activity has not yet been studied.
The promoter region of the MIF gene contains two distinct polymorphisms: (1) a functional MIF-794 CATT [5] [6] [7] [8] repeat sequence in which higher repeat numbers result in increased MIF expression and (2) a GC single nucleotide polymorphism (SNP) at position MIF-173 [13] . The MIF-173C allele, which is in linkage disequilibrium with CATT 7 , is associated with earlier disease onset and severity in diverse disorders including inflammatory polyarthritis, pediatric nephrotic syndrome, alopecia areata, and inflammatory bowel disease [14] [15] [16] [17] . Furthermore, the C allele has been shown to associate with steroid resistance in a range of diseases including colitis, juvenile arthritis, and nephrotic syndrome [18] [19] [20] . Therefore, the MIF-173C allele in the MIF promoter is a candidate marker of steroid requirements and disease activity in autoimmune disease.
Based on this background, we hypothesized that MIF polymorphisms could be associated with potentially meaningful clinical parameters in AIH patients. To test this hypothesis, we studied genotype-clinical correlations in two genetically distinct AIH patient groups, namely from Japan and also our previously reported cohort of AIH patients from the USA [12] .
Patients and Methods

Patient Populations
Two AIH patient groups from academic liver clinics were evaluated: one from Japan (Jikei University, Tokyo) and one from the USA (Yale University, New Haven). The US cohort, and respective healthy control group, were largely comprised of patients whose serum MIF values and genotype frequencies were reported in a separate publication [12] . Each group was comprised of patients diagnosed with type I AIH according to the International Autoimmune Hepatitis Group Score [21] and was followed by hepatologists at each center. Current demographic and clinical data were obtained from the medical record. In addition, laboratory data from the time of initial disease presentation were available in most cases. Control serum and isolated peripheral blood DNA were obtained from self-reported healthy persons from each country. The study was reviewed and approved by the institutional review boards from each center.
Serum Measurements
Serum samples were collected at each center and stored at -80°C. The Japanese samples then were shipped under strict dry ice conditions to the Yale Liver Center for testing and analysis. The serum protein concentrations of MIF and circulating CD74 were determined by sandwich ELISA at the Yale Liver Center, as previously described [12] .
Genetic Polymorphism Analysis
Genomic DNA was extracted for each patient and analyzed at the Yale Liver Center. The MIF-794 CATT [5] [6] [7] [8] microsatellite repeat sequence (rs5844572) was determined by a fluorescence-based fragment analysis as previously described [13] . The MIF-173 GC SNP sequence (rs755622), considered to be in linkage disequilibrium with the CATT microsatellite repeat sequence, was analyzed by pyrosequencing as previously described [13] .
Statistical Analysis
Calculations for Student's t test for normally distributed continuous variables, Fisher's exact test for categorical data, and Pearson correlation analyses were performed using Prism (GraphPad Software, La Jolla, CA) version 6.0d.
Results
The demographic data for the Japanese AIH patients are presented in Table 1 . There was no significant difference between this group and respective controls regarding age, sex, or ethnicity in comparison with the previously reported US cohort [12] . The AIH patients were predominantly female and had a mean age of 43-49 years at the time of diagnosis. Patients in both groups met criteria for definite AIH according to the International Autoimmune Hepatitis Group score [21] .
Mean serum MIF concentrations were elevated in Japanese AIH patients compared to the Japanese healthy control group (Fig. 1) . Importantly, this agrees with our recent publication showing that MIF values were higher in the US AIH cohort vs. healthy controls (13.1 ± 1.4 vs. 5.7 ± 0.5 ng/mL, p \ 0.0001) [12] . There was no significant correlation between pre-treatment ALT, or bilirubin, and on-treatment MIF serum levels in the Japanese or the US cohorts (p = NS). However, there was a trend toward a correlation between serum MIF and on-treatment serum ALT levels in the US group (r 0.26, 95 % confidence interval (CI) -0.03 to 0.52, p = 0.08).
We recently reported the discovery that a truncated form of the MIF transmembrane receptor, CD74, is detectable in the circulation [12] . Interestingly, circulating CD74 can neutralize MIF bioactivity in vitro, suggesting a role for this soluble receptor in the modulation of MIF cytokine activity in vivo. We therefore measured circulating CD74 levels ( Fig. 2 ) in the Japanese AIH cohort and compared it to our previous finding in the US cohort. We found that, unlike the US group where the mean CD74 serum concentration in the US AIH group was higher than in controls, in the Japanese AIH and control groups serum CD74 did not differ (p = NS). The reason for the differential concentrations of the MIF-neutralizing soluble receptor CD74 in the two control groups is unclear, and a genetically driven difference in CD74 expression between USA and Japanese patients cannot be ruled out.
We next analyzed the MIF genetic polymorphisms, MIF-794 CATT [5] [6] [7] [8] and MIF-173 GC SNP in the Japanese AIH and in a modified US AIH group from the previously published study (Table 2 ). There was no difference in the frequency distributions of MIF polymorphisms between the two AIH groups or between the Japanese patients versus controls with regard to MIF-794 CATT and also with regard to the distribution of the MIF-173C allele (Fisher's exact test) (p = NS). However, genetic-clinical analysis revealed that the subgroup of US AIH patients with at least one MIF-173C allele (CC or GC) had a mean on-treatment serum ALT significantly higher than the subgroup with without MIF-173C (GG) (Fig. 3a) . In the US AIH group, the non-GG genotype conferred an odds ratio (OR) of having on-treatment ALT [ 30 U/L of 5.2 (CI 1.5-18.5, p = 0.014). Furthermore, we found a similar geneticclinical correlation in the Japanese AIH patients, with a higher pre-treatment ALT in the MIF-173 CC/GC subgroup compared to the MIF-173 GG subgroup (Fig. 3b) . Serum ALT and the C allele also were correlated in these patients (r 0.35, CI 0.074-0.58, p = 0.015). In addition, in the Japanese AIH group, a non-GG genotype conferred an ALT at diagnosis ± SD (U/L) 807.6 ± 651.8 NA Bilirubin at diagnosis, ± SD (mg/dL) 2.9 ± 2.9 NA
The US AIH cohort demographic data were previously reported [12] * International Autoimmune Hepatitis Group Score Chronic AIH generally responds to immunosuppression, and indeed treatment responsiveness is a component of the diagnostic criteria [21] . Steroids are a cornerstone of AIH therapy [1] ; however optimizing the steroid dose is challenging due to the risk of relapse with under-treatment and significant adverse effects with over-treatment [3] . Thus, a biomarker that is able to predict steroid responsiveness in AIH will have a clinical impact. Given the reported association between the MIF-173C polymorphism and steroid responsiveness in other disorders [17] [18] [19] , we analyzed this polymorphism in relationship to prednisone requirements for the US and Japanese AIH cohorts. As with the serum ALT concentrations, prednisone requirements were increased in the AIH subgroup with a CC or GC genotype in both the USA and in Japan (Fig. 4a, b) . Furthermore, in the US AIH group the prednisone dose positively correlated with the number of C allele copies (r 0.32, CI 0.052-0.54, p = 0.02). This finding suggests that, along with increased serum ALT, the MIF-173C polymorphism in AIH patients may be a biomarker of increased disease activity including steroid requirements. In addition, the effect was of equivalent magnitude in two very different geographic settings.
Clinical features at initial disease presentation were analyzed for each AIH patient group. In the Japanese AIH group, 56.3 % (9 of 16) of the MIF-173 CC/GC patients presented with acute, symptomatic hepatitis, while only 22.2 % (8 of 36) of the GG patients presented with acute symptoms (p = 0.03). There was no relationship between the MIF-173 genotype and acute symptomatic hepatitis presentation in the US AIH group. However, the mean serum bilirubin level at initial disease presentation was higher in US AIH patients compared to the Japanese AIH cohort (5.5 ± 7.5 vs. 2.3 ± 2.7 mg/dL, p = 0.01). There was no relationship between MIF levels or genotypes and ANA or smooth muscle antibody titers in the AIH groups. Finally, there was no relationship between the MIF-794 CATT 5-8 alleles and clinical disease in the US or Japanese AIH groups.
Discussion
In this novel study addressing a genetic-clinical susceptibility across two ethnically distinct populations with AIH, we report that AIH patients from both the USA and Japan who have the MIF promoter-173 C-containing genotypes had increased serum ALT and higher maintenance steroid requirements compared to patients without the C allele. Further, the clinical presentation of the Japanese AIH group with the MIF-173 CC/GC genotypes was more acute There were no significant differences in polymorphism frequencies between AIH groups with regard to MIF-794 CATT data, or between Japanese AIH patients versus controls with regard to GG versus non-GG genotypes, p = NS with symptomatic hepatitis at the time of diagnosis. In light of our recent study of MIF in AIH [12] , these novel findings further support a role of MIF in AIH and suggest that the MIF-173 SNP polymorphism may be a biomarker for disease severity across Western and Japanese AIH patient populations. MIF is expressed centrally in the neuroendocrine system and also peripherally in monocytes/macrophages, T cells, epithelial and endothelial cells [4] . It is a constitutively expressed cytokine that can also be rapidly secreted in response to stress through release from stored reservoirs. The pro-inflammatory, cytokine action of MIF in autoimmunity has been investigated for over a decade [6] . Specific MIF physiologic pathways include critical interactions with key components of the innate immune response to pathogens such as TLR-4 up-regulation and TNF-a production by macrophages [22] . In addition, MIF secretion by T cells in response to antigenic or IFN-c stimulation [23] and its promotional role for the induction of IL-12 synthesis demonstrates an important role in Th1 adaptive immune pathways [24] .
MIF is now known to play an important role in a number of autoimmune disorders through both animal and human studies including systemic lupus erythematosus [7, 25] , rheumatoid arthritis [8, 26, 27] , inflammatory bowel disease [15, 16] , and nephrotic syndrome [15, 20] . Furthermore, a relationship between the MIF-173C polymorphism and disease severity has been detected across various autoimmune disorders. Radstake et al. [27] demonstrated in a patient cohort with rheumatoid arthritis that the MIF-173C allele correlated with advanced radiologic joint damage. In addition, Zhang et al. [17] recently conducted a meta-analysis of over 4000 patients with inflammatory bowel disease and concluded that the C allele was a disease risk factor (OR 1.25).
Our findings are in agreement with the emerging, multidisciplinary literature of MIF immunogenetics, specifically suggesting that the MIF-173C polymorphism may be an immune-based biomarker of AIH disease severity. There is a continued need for evidence-based tools to guide the management and prognostication of patients with AIH. This is illustrated by the recent finding that over 70 % of AIH patients relapse within 2 years of immunosuppression discontinuation despite initially achieving remission [28] . There is also a need for predictors of steroid responsiveness to help guide AIH therapy and avoid unnecessary overtreatment, particularly given the negative effects of steroids on metabolic and psychological health. Our data suggesting that the MIF-173C polymorphism may be associated with an elevated liver inflammatory marker, ALT, and also steroid resistance provide the rationale for further evaluation of this polymorphism as a candidate biomarker in AIH management strategies.
Our recent publication compared MIF polymorphisms in AIH versus PBC, finding increased frequency of the highexpression MIF-794 CATT 7 allele in AIH versus PBC and a borderline increased frequency of the MIF-794 CATT 77 genotype in AIH versus controls [12] . Further, we reported an increased serum level of MIF in AIH versus controls, a finding also found here in the Japanese group. In contrast to our previous findings in the US group, the CATT 7 frequency was lower in the Japanese patients and controls. The reason for this difference between US and Japanese groups is likely due to the well-known under-representation of CATT 7 allele in the Japanese population [16] . Since CATT 7 is a high-expression MIF variant, the lower frequency in Japan is likely the cause for the lower MIF concentrations observed in Japanese patients and controls ( Fig. 1 ) compared to the previously described US cohort. Further, it is know that the frequency of AIH in Japan is lower than in the USA, primarily a function of the decreased frequency of HLA-DR3 in that population [29] .
There are limitations to this study, most notably the sample size of our populations, which are limited by the Fig. 4 Mean prednisone dose requirement is increased in non-GG MIF patients with AIH patients from the USA and Japan. a In the US Cohort, the mean prednisone dose was 5.7 ± 0.9 (GG) versus 14.1 ± 3.9 (non-GG) mg/day, p = 0.006. b In the Japanese Cohort, the mean prednisone dose was 5.7 ± 2.5 (GG) versus 9.4 ± 5.6 (non-GG) mg/day, p = 0.003 low prevalence of AIH in both the US and Japanese populations. However, the strength of this genotypic-clinical analysis includes the concordant results observed in two genetically diverse populations with regard to MIF polymorphism and relevant clinical findings in AIH. Future studies should be performed to validate these findings utilizing larger control groups, other liver disease control groups, AIH patients from other geographic areas, and in comparison with other associated genetic variants in AIH. Furthermore, it will be important to establish the functional consequence of the C allele for MIF secretion in the context of AIH itself. While there is published literature demonstrating increased MIF section in the context of C allele containing haplotype as compared to the G allele [30] , this has not yet been described in hepatic tissues. The frequency of CC homozygotes was low in our populations, and while this is expected given the known frequency, adequate comparisons with homozygotes were not possible in this study.
A large GWAS study of AIH patients from Europe recently showed that the HLA-DRB1*0301 variant was most strongly associated with AIH type I with an OR of 2.9 [2] . A subsequent study of this cohort showed that the presence of HLA-DR3 correlated with increased IAIHG score at diagnosis and IgG levels, although steroid dosing was not assessed and ALT levels were not significantly different [31] . This illustrates the need for, and potential clinical application of, the MIF-173C polymorphism as a biomarker for use in steroid modulating algorithms. Further, the MIF-173 GC SNP sequence (rs755622) reported in our study is not included in the GWAS immunochip used in that study (Illumina CytoSNP 12.0 platform, San Diego CA). As humanized anti-MIF pharmacotherapy advances into early clinical testing, its application to AIH management may benefit from using the MIF-173 GC genotype to identify individuals with a MIF-dependent form of the disease. Before this, however, there is a need for larger, longitudinal studies to evaluate the MIF-173C allele in AIH. It is also necessary to better understand the mechanisms underlying the observed relationship between MIF and AIH to determine to what degree MIF expression in AIH is disease-specific.
In summary, in our present study a MIF genotype containing the MIF-173C polymorphism was associated with clinically meaningful parameters of AIH including increased serum ALT concentrations and prednisone dose requirements, a finding noted in patients from the USA and Japan. This finding is also consistent with the literature on genetic-clinical correlations of MIF promoter polymorphisms in other autoimmune diseases. Our results suggest but do not yet confirm a potential relationship between the pro-inflammatory cytokine MIF and AIH, and the additional possibility that MIF polymorphisms could serve as markers of disease severity or progression. This remains to be further studied through investigation in other cohorts and through longitudinal studies in AIH.
